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Abstract A lead resistant bacterial strain isolated

from effluent of lead battery manufacturing company

of Goa, India has been identified as Enterobacter

cloacae strain P2B based on morphological, biochem-

ical characters, FAME profile and 16S rDNA

sequence data. This bacterial strain could resist lead

nitrate up to 1.6 mM. Significant increase in exopoly-

saccharide (EPS) production was observed as the

production increased from 28 to 108 mg/L dry weight

when exposed to 1.6 mM lead nitrate in Tris buffered

minimal medium. Fourier-transformed infrared spec-

troscopy of this EPS revealed presence of several

functional groups involved in metal binding viz.

carboxyl, hydroxyl and amide groups along with

glucuronic acid. Gas chromatography coupled with

mass spectrometry analysis of alditol-acetate deriva-

tives of acid hydrolysed EPS produced in presence of

1.6 mM lead nitrate demonstrated presence of several

neutral sugars such as rhamnose, arabinose, xylose,

mannose, galactose and glucose, which contribute to

lead binding hydroxyl groups. Scanning electron

microscope coupled with energy dispersive X-ray

spectrometric analysis of this lead resistant strain

exposed to 1.6 mM lead nitrate interestingly revealed

mucous EPS surrounding bacterial cells which seques-

tered 17 % lead (as weight %) extracellularly and

protected the bacterial cells from toxic effects of lead.

This lead resistant strain also showed multidrug

resistance. Thus these results significantly contribute

to better understanding of structure, function and

environmental application of lead-enhanced EPSs

produced by bacteria. This lead-enhanced biopolymer

can play a very important role in bioremediation of

several heavy metals including lead.
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Introduction

Environmental contamination of water bodies due to

release of toxic heavy metals such as lead, mercury

and cadmium poses serious threat to natural biota

including humans (Nies 1999; Fernandes and Beiras

2001; Dirilgen 2011). Lead is well known to inhibit

biosynthesis of heme, causes serious neurodegenera-

tive diseases, interferes with kidney function and

possesses carcinogenic properties (Fowler 1998; Tong

et al. 2000; Watt et al. 2000; Lam et al. 2007). Heavy

metals are toxic to natural biota including microor-

ganisms since they inhibit enzyme activity, damage

DNA and disrupt membrane permeability (Nies 1999;
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Asmub et al. 2000; Hartwig et al. 2002) but some

natural bacterial isolates have potential to colonise

sites heavily contaminated with toxic metals by

employing various resistance mechanisms which

include efflux system, sequestration, reduction, oxi-

dation, bioaccumulation and precipitation as phos-

phates and sulphides (Nies 1999; Roane 1999; van

Hullebusch et al. 2003; Pal and Paul 2008; Taghavi

et al. 2009; Sinha and Khare 2011).

Bioavailability of metals is an important factor for

metal toxicity since soluble metals can readily pene-

trate cell membranes (Roane 1999). Therefore metal

immobilisation strategies applied by microbes to

counteract toxic effect of heavy metals which includes

precipitation, intracellular accumulation and extracel-

lular exclusion in biopolymers (Roane 1999; van

Hullebusch et al. 2003; Pal and Paul 2008). Biopoly-

mers secreted by bacterial cells are known as

exopolysaccharides (EPSs), which consist of macro-

molecules such as polysaccharides, proteins, nucleic

acids, humic substances, lipids and other non poly-

meric constituents of low molecular weight (Bramha-

chari and Dubey 2006; Bramhachari et al. 2007).

Microbial polymers differ extensively both in speci-

ficity and metal-binding characteristics depending on

their physicochemical properties therefore chemical

composition of the EPS is helpful in order to

understand the nature of the metal ion–EPS interac-

tions and its involvement in metal resistance mecha-

nism (Arias et al. 2003; Bhaskar and Bhosle 2006;

Morillo et al. 2006). Bacterial EPSs are chemically

diverse and are mostly acidic heteropolysaccharides

with ionizable functional groups such as hydroxyl,

carboxyl, amide, sulphate and phosphoryl which

interestingly exhibit very high affinity to heavy metals

(Iyer et al. 2004; Bhaskar and Bhosle 2006; Bramha-

chari et al. 2007; Pal and Paul 2008). Bacterial EPS

play a key role in initial attachment of cells to different

substrata, cell-to-cell aggregation, protection against

desiccation and resistance to harmful exogenous

materials (Decho 1990; Iyer et al. 2004; Pal and Paul

2008). Various microbial biopolymers have been

shown to have potential to bind heavy metals with

differential degree of specificity and affinity (Bhaskar

and Bhosle 2006; Pal and Paul 2008). They are high

molecular weight polyanionic polymers which bind

metals by electrostatic interaction between metal

cation and negatively charged components of EPS

resulting in metal immobilisation within exopolymeric

matrix (van Hullebusch et al. 2003). Enzymatic

activities in bacterial EPS assist degradation of organic

recalcitrants and transformation of heavy metals along

with their subsequent precipitation in the polymeric

mass (van Hullebusch et al. 2003; Pal and Paul 2008).

Bioremediation processes are cost effective and are

highly efficient as compared to physicochemical

methods for removal of heavy metal therefore over

last several decades attention has been focused

towards exploiting microbes for heavy metal biore-

mediation. Therefore, understanding the mechanism

by which bacteria sequester toxic heavy metals to

protect itself from their toxic effects on physiological

processes is crucial to the development of microbial

processes for concentration, removal and recovery of

metals from industrial effluents and solid wastes.

Bioremediation of heavy metals involves their bio-

sorption to either biomass or isolated biopolymers.

The present communication deals with identification

and biological characterization of lead resistant bacteria

with reference to EPS and its metal-binding character-

istics to explore EPS mediated lead resistance.

Materials and methods

Screening of EPS producing lead resistant

bacterial isolate

EPS producing lead resistant bacterial strain was

isolated from effluent of lead battery manufacturing

plant of Goa, India. Serially diluted effluent sample

was spread plated on PYT80 agar supplemented with

0.1 mM lead nitrate and plates were incubated at room

temperature (Naik and Dubey 2011). The mucoidal

bacterial colonies were selected and further inoculated

on PYT80 agar plates amended with different levels of

lead nitrate. The bacterial colony growing at highest

lead nitrate concentration and showing mucoid exo-

polymer production was selected for further charac-

terization and designated as strain P2B.

Identification and maintenance of bacterial isolate

Bacterial strain P2B was grown in PYT80 broth and

stored at -20 �C as glycerol stock (20 % v/v) and

subcultured once every 2 months. Before its use as

inoculums the strain was subcultured on PYT80 agar

and incubated at 30 �C for 24 h. Bacterial strain P2B
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producing viscous exopolymer in Tris buffered min-

imal medium (TMM) (Mergeay et al. 1985) containing

0.4 % glucose was tentatively identified using Gram

staining, morphological and biochemical characteris-

tics following Bergey’s Manual of Systematic Bacte-

riology (Krieg and Holt 1984), fatty acid methyl ester

analysis (Sherlock version 6.0B) and 16S rDNA

sequencing. PCR amplification of 16S rDNA was

done using primer set 8F (50-AGAGTTTGATCCT

GGCTCAG-30) and 1492R (50-ACGGCTACCTTGT

TACGACTT-30) and sequencing was done at Xcelris

laboratories, Ahmedabad, Gujarat, India. DNA

sequence was compared with GenBank reference

database using NCBI-BLAST search (Altchul et al.

1997).

Growth behaviour and lead resistance limit

of isolate

Growth behaviour of lead resistant bacterial strain

P2B was determined in TMM supplemented with

varying concentrations of lead nitrate using 0.4 %

glucose as carbon source and 0.5 mM b-glycerol

phosphate to avoid precipitation of lead with inorganic

phosphate as lead phosphate (Himedia, India). Over-

night grown bacterial strain P2B was inoculated in the

culture broth, so that final optical density was 0.025

(initial inoculum). Growth conditions were 30 �C, pH

7.2 and constant shaking at 150 rpm. Absorbance was

recorded using UV–Vis spectrophotometer (Shima-

dzu, UV-2450, Japan) after regular time interval at

600 nm. Cross tolerance of the isolate to HgCl2 and

CdCl2, was also determined in TMM (Himedia, India).

Antibiotic susceptibility test

Antibiotic susceptibility test was performed following

Kirby–Bauer disc diffusion method (Bauer et al.

1966), using Mueller–Hinton agar and antibiotic discs

(Himedia, India). Bacterial suspension (0.1 mL) hav-

ing concentration 5 9 105 cfu/mL was spread plated

on Mueller–Hinton agar plates for antibiotic suscep-

tibility test using disc (6 mm) diffusion method.

Purification and characterization of bacterial EPSs

EPS production was monitored in the TMM without

(control) and with 1.6 mM lead nitrate in order to

study role of EPS in resistance against lead.

Purification of EPS was done using modified ice cold

ethanol precipitation method (Bramhachari and Du-

bey 2006). Culture grown in the presence of 1.6 mM

lead nitrate and without lead nitrate in TMM (1 L) was

harvested separately at 10,000 rpm for 15 min at 4 �C,

when culture reached stationary growth phase. Culture

supernatant was filtered through 0.22 l cellulose

nitrate filters (Millipore Filters, Bangalore, India).

EPS was precipitated from the final filtrate by addition

of three volumes of ice cold ethanol and kept at 4 �C

overnight. Resulting precipitate was centrifuged and

washed with 70–100 % ethanol–water mixture. EPS

was dissolved in distilled water and dialysed for 24 h

at 4 �C (molecular weight cut off of 13 kDa; Sigma

Aldrich, Germany) against distilled water. Bacterial

Pellet was resuspended in 300 lL EDTA solution

(10 mM EDTA ? 1.5 mM NaCl) and heated at 50 �C

for 3 min in order to extract cell bound EPS and

purified in the same way as extracellular EPS.

Extracellular and cell bound EPS was combined,

lyophilized and stored at room temperature in sealed

bottle until chemical and physical analysis. EPS

production was recorded as dry weight of EPS in

control and lead exposed conditions. Chemical com-

position of EPS produced under the stress of 1.6 mM

lead nitrate (test) and EPS produced without lead

nitrate (control) was analysed by gas chromatography

coupled with mass spectrometry (GC–MS), Fourier-

transformed infrared (FTIR) and Alcian blue staining

methods.

FTIR spectroscopy of EPS

FTIR spectroscopy of lyophilized EPS was done to

analyse major functional groups of the purified EPS

which were involved in lead binding. Dry grinded EPS

(2 mg) was mixed with 200 mg dry KBr, followed by

pressing the mixture into 16 mm diameter mould

(Bramhachari and Dubey 2006; Bramhachari et al.

2007). FTIR spectrum was recorded in the region

400–4,000 cm-1 (SHIMADZU-FTIR 8201PC instru-

ment, Japan).

GC–MS analysis of EPS

GC–MS analysis of EPS was performed to investigate

presence of neutral sugars. Acid hydrolysis of lyoph-

ilized EPS into monosaccharides and conversion of

these sugars into their respective alditol acetates,

Biodegradation (2012) 23:775–783 777

123



which were then analysed by GC–MS (model GC–

MS-QP-2010 plus) from Shimadzu, Japan, equipped

with a fused silica capillary column coated with CP

Sil-88 (25 m id 0.32 mm, ds 0.12; Chrompack,

Middleburg, Netherland) and Helium (3 mL/min)

was used as a carrier gas (Albersheim et al. 1967;

Fox et al. 1988). The following temperature gradient

program was used: 75 �C for 2 min followed by an

increase from 75 to 175 �C at the rate of 50 �C per min

and finally 40 min at 230 �C. The m/z peaks repre-

senting mass to charge ratio characteristic of the

monosaccharide sugar fractions were compared with

those in the mass spectrum library of the correspond-

ing sugar.

Estimation of uronic acid in EPS

Uronic acid content in EPS produced under the stress

of 1.6 mM lead nitrate and without lead nitrate was

estimated using method described by Ozturk et al.

(2010). Glucuronic acid (0–100 lg/mL) was used as

standard.

Alcian blue staining of bacterial EPS

Alcian blue staining of EPS was performed to

investigate its acidic or basic nature. Alcian blue is

cationic dye used to stain acidic polysaccharides. Here

bacterial culture grown with 1.6 mM lead nitrate was

smeared on slide; air dried and then hydrated with

distilled water. Then slide was flooded with 10 lL of

0.1 % alcian blue dye in acetic acid having pH 2.5 for

5 min. Dye was washed with running water; slide was

dried and observed under oil immersion microscope

(Bhaskar and Bhosle 2005).

SEM–EDS analysis EPS

In order to reveal the role of EPS in lead sequestration,

scanning electron microscope coupled with energy

dispersive X-ray spectrometric (SEM–EDS) analysis

was performed using test bacterial culture grown in

TMM supplemented with 1.6 mM lead nitrate. Culture

smear was prepared on a glass slide, air dried and then

fixed in 3 % glutaraldehyde overnight with 50 mM

potassium phosphate buffer. Then glass slide was

washed thrice with phosphate buffer and dehydrated in

gradually increasing concentrations of ethanol, i.e.,

10, 20, 50, 70, 80, 90, 95, and 100 % for 15 min each.

Glass slide was then air dried and stored in vacuum

chamber prior to SEM–EDS analysis (Naik and Dubey

2011).

Results

Screening and identification of EPS producing lead

resistant bacterial isolate

EPS producing lead resistant bacterial strain P2B was

gram negative, rod shaped, motile and facultative

anaerobe. It showed the presence of enzymes such as

catalase, nitrate reductase and gelatinase. Indole,

methyl red and urease tests where negative but Voges

Proskauer’s test was positive and it could also utilise

citrate. Based on these biochemical characteristics and

as per Bergey’s manual of systematic bacteriology,

FAME analysis and 16S rDNA sequencing followed

by NCBI-BLAST search bacterial strain P2B was

identified as Enterobacter cloacae (accession no.

HQ268733) (Altchul et al. 1997).

Growth behaviour and lead resistance limit

of isolate

Enterobacter cloacae strain P2B could resist lead

nitrate up to 1.6 mM in TMM (Fig. 1). In addition to

lead this strain also showed cross tolerance to CdCl2,

and HgCl2 as MIC values for lead nitrate, cadmium

chloride, and mercuric chloride were 1.8, 0.3 and

0.05 mM, respectively. This strain also showed resis-

tance to multiple antibiotics such as oleondamycin

(15 lg), ampicillin (25 lg), co-trimoxazole (25 lg),

mecillinam (33 lg), lincomycin (5 lg), ciphaloridine

(30 lg) and chloramphenicol (30 lg).

EPS production

EPS production significantly increased from 28 mg/L

without lead nitrate (control) to 108 mg/L with

1.6 mM lead nitrate in TMM.

GC–MS and FTIR analysis of EPS

GC–MS analysis of EPS produced by the test organ-

ism in TMM without lead nitrate interestingly

revealed presence of neutral sugars such as arabinose

4 %, xylose 9 %, mannose 3 %, galactose 32 % and
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glucose 49 % out of total sugar content. Whereas

percent relative abundance of neutral sugars of EPS

produced under the stress of 1.6 mM lead nitrate was

recorded as rhamnose 2 %, arabinose 8 %, xylose

15 %, mannose 8 %, galactose 26 % and glucose

37 % out of total sugar content (data not shown).

Glucose and galactose were most abundant monosac-

charides of the heteropolymers produced under control

and lead exposed conditions. Glucuronic acid concen-

tration in EPS was found to be increased from 26 ± 3

(control) to 95 ± 7 lg/mg when exposed to 1.6 mM

lead nitrate. The functional group is one of the keys to

understand the mechanism of metal binding onto the

EPS (van Hullebusch et al. 2003; Pal and Paul 2008).

FTIR spectrum of purified EPS produced by

E. cloacae strain P2B in presence of lead nitrate and

without lead nitrate revealed presence of significant

difference in absorption peaks of functional groups

(Fig. 2a, b) such as broad stretching N–H group at

3,445 was shifted to 3,278 cm-1 (hydroxyl group). A

broad stretching of C–O–C and C–O between 1,076

and 1,213 cm-1 corresponds to the presence of

carbohydrates in EPS produced under lead stress

whereas control sample showed very weak absorption

(1,160–1,250 cm-1). Absorption peak between 1,076

and 1,122 cm-1 ascertained the presence of uronic

acid, o-acetyl ester linkage in the test sample and

peaks between 900 and 1,147 cm-1 in the control. The

absorption peaks of the test sample at 1,662 cm-1

(mainly C=O stretch) and 1,529 cm-1 (mainly N–H

stretch) can be attributed to the amide I and amide II of

amide bond due to peptide bond. Carboxyl group at

1,404 cm-1 indicates symmetric stretching (van

Hullebusch et al. 2003; Iyer et al. 2004; Bhaskar and

Bhosle 2006; Pal and Paul 2008; Yin et al. 2011).

Whereas in control sample there was significant

difference and decrease of intensity and shift in

absorption of amide I, II (1,650 and 1,540 cm-1)

and carboxyl group (1,461 cm-1). Peak at 804 cm-1

ascertains presence of glycosidic linkage in sugars

(Bramhachari and Dubey 2006; Bramhachari et al.

2007). It is interesting to note that alcian blue stained

the EPS blue and bacterial cells appeared pink

confirmed acidic nature of EPS (Supplementary data).

SEM–EDS analysis of EPS

SEM–EDS clearly revealed mucous nature of the EPS

surrounding bacterial cells and interestingly confirmed

that EPS produced by E. cloacae strain P2B in the

presence of 1.6 mM lead nitrate sequestered 17 % (as

weight %) lead (Fig. 3a, b). SEM images proved that

as compared to control, bacterial strain P2B grown

under the stress of 1.6 mM lead nitrate produced

significantly high amount of EPS (Fig. 3a, b). Also

significant alteration in cell morphology as reduction

in cell size and shrinkage was evidently observed

when cells were exposed to 1.6 mM lead nitrate

(Fig. 3a, b).

Discussion

In the present investigation we have characterized

E. cloacae strain P2B which could resist lead nitrate

up to 1.6 mM in TMM and produced lead-enhanced

EPSs.

The heavy metal-binding capacity of EPSs is

usually attributed to the high hydrophilicity of the

polymer due to the presence of hydroxyl groups,

the presence of ionisable functional groups and the

flexible structure of the polymer chains (Iyer et al.

2004; Pal and Paul 2008). Several functional groups

were reported to involved in the sorption of Cu(II) and

Cd(II) by EPS of Aspergillus fumigatus including

carboxyl, amide and hydroxyl groups (Yin et al. 2011).

Lead resistant E. cloacae strain P2B also showed

similar results where FTIR-spectrum of EPS produced

under the stress of 1.6 mM lead nitrate confirmed the

presence of ionizable functional groups able to react

with the lead ions such as hydroxyl group at

3,278 cm-1, absorption bands at 1,662 cm-1 (mainly

Fig. 1 Growth behaviour of E. cloacae strain P2B in TMM

amended with different concentrations of lead nitrate. Diamonds
0 mM (control), squares 1.0 mM, triangles 1.6 mM, times
1.7 mM
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C=O stretch), 1,529 cm-1 (mainly N–H stretch) and

carboxyl group at 1,404 cm-1 (sym). Absorption band

at 804 cm-1 clearly ascertained the presence of

glycosidic linkage. Absorption peak between 1,076

and 1,122 cm-1 ascertained the presence of uronic

acid and alcian blue staining further confirmed acidic

nature of the EPS. It is well known that uronic acid

(glucuronic acid) and acidic functional groups (e.g.

carboxyl) of EPS involved in metal sequestration

(Bhaskar and Bhosle 2005; Bramhachari and Dubey

2006; Bramhachari et al. 2007; Pal and Paul 2008) and

in this study increase in the concentration of glucu-

ronic acid and strong absorption peak of carboxyl

group (1,461 cm-1) of test EPS in FTIR spectrum as

compared to control EPS revealed involvement of

carboxyl group in lead binding to EPS. Pb(II) binding

resulted in changes in the absorption frequencies of the

various functional groups present in the EPS such as

carboxyl, hydroxyl and amide. Increase in intensity

and shifts in absorption peaks in the EPS produced

under the stress of 1.6 mM lead nitrate as compared to

control indicated that the carboxyl, hydroxyl and

amine groups of EPS were predominant contributors

in lead sequestration and thus protect E. cloacae strain

P2B from lead toxicity. These results are in agreement

with earlier findings (Iyer et al. 2004; Pal and Paul

2008). Also E. cloacae strain P2B resist multiple

antibiotics along with lead resistance. This result go

hand in hand with our earlier reports which showed

that metal resistant bacteria also resist multiple

antibiotics (Naik and Dubey 2011). Baker-Austin

et al. (2006) reported that there is co-selection of

antibiotic and metal resistance where co-selection

mechanisms include co-resistance (different resis-

tance determinants present on the same genetic

element) and cross-resistance (the same genetic

determinant responsible for resistance to antibiotics

and metals).

GC–MS analysis of EPS revealed that EPS pro-

duced under the stress of 1.6 mM of lead nitrate

showed different composition of neutral sugars as

compared to EPS produced under control condition.

Also a strong broad stretching of C–O–C, C–O at

1,076–1,213 cm-1 in FTIR spectrum of EPS produced

under lead nitrate stress proved presence of sugars in

exopolymer as major components which contributes

metal-binding hydroxyl group as compared to weak

stretching (1,160–1,250 cm-1) in FTIR spectrum of

control EPS (Fox et al. 1988; Bramhachari et al. 2007;

Pal and Paul 2008). The sequestration of heavy metals

by EPS is a metabolism-independent process and

mainly depends on interaction between metal cations

and negatively charged acidic functional groups of

EPS (van Hullebusch et al. 2003; Bhaskar and Bhosle

2006). EPS produced by E. cloacae strain P2B in the

Fig. 3 Photomicrograph of exopolymer surrounding E. cloa-
cae strain P2B grown with 1.6 mM lead nitrate (b) and

E. cloacae strain P2B grown without lead nitrate (a) using

SEM–EDS (SEM—magnification, 99,000) (arrows are point-

ing to the area considered for EDS analysis)

Fig. 2 FTIR spectrum of purified EPS produced by E. cloacae
strain P2B a in absence of lead nitrate (3,445 cm-1 OH-;

1,650 cm-1 amide I; 1,540 cm-1 amide II; 1,461 cm-1

carboxyl group) and b in the presence of 1.6 mM lead nitrate

(3,278 cm-1 hydroxyl; 1,662 cm-1 amide I; 1,529 cm-1 amide

II; 1,404 cm-1 carboxyl). Dry grinded EPS (2 mg) was used for

FTIR analysis

b
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presence of 1.6 mM lead nitrate contained high

amount of sugars with hydroxyl group as revealed

by FTIR and GC–MS analysis, enabling it to become

hydrated, swell and yield viscous solutions and bind

high amount of lead (17 %). Comparing FTIR spec-

trum of control EPS with EPS produced under lead

stress evidently confirmed that EPS produced under

lead stress has higher percentage of ionisable func-

tional groups which could bind lead ions than control

EPS. Also alteration in cell morphology as shrinkage

and increase in EPS production showed by E. cloacae

strain P2B when exposed to high levels of lead nitrate

appeared to be the defensive response of bacterial cells

against toxic lead and our earlier report also support

this finding (Naik and Dubey 2011).

It was reported that Cr(VI)-resistant Methylobac-

terium mesophilium MU141 exposed to 15- and

35-ppm Cr(VI) concentrations, produced more EPS

than its control cells and EPS involved in Cr seques-

tration (Ozturk et al. 2008). Also in case of Pseudo-

monas mendocina P2d where increase in EPS

viscosity was observed in presence of high levels of

benzoate. The EPS was apparently formed, therefore,

as a protective measure against the toxic effects of

benzoate (Royan et al. 1999). In present finding also

enhanced synthesis of bacterial EPS from 28 to

108 mg/L dry weight in presence of lead, FTIR

spectrum and SEM–EDS analysis demonstrated that

EPS of E. cloacae strain P2B could sequester 17 %

lead (as weight %) due to presence of higher number of

ionizable negatively charged functional groups and

thus protects bacteria from lead toxicity. Since EPS

produced by E. cloacae strain P2B which resist

1.6 mM lead nitrate sequester highest amount of

heavy metal (lead 17 % by weight) reported in case of

E. cloacae strains (Iyer et al. 2004; Sinha and Khare

2011) therefore this bacterial strain may serve as

potential bioremediative agent (lead biosorbent) in

lead contaminated environmental sites.

Conclusion

Our studies have clearly demonstrated that the lead ions

could interact with carboxyl, hydroxyl, amide groups

and glucuronic acid from different chains of the

polyanionic EPS produced by E. cloacae strain P2B

acting as an electrostatic bridge between them produc-

ing finally a mesh of polymer large enough to sequester

very high levels of lead. In the present investigation we

have demonstrated lead-enhanced EPS production in E.

cloacae strain P2B sequestering significantly very high

amount of lead (17 %) for the first time, as there was no

such report so far. Bioremediation technology is simple,

cost effective, highly efficient and environmentally

sustainable as compared to physico-chemical methods,

therefore this lead resistant bacterial strain may serve as

a potential biotechnological agent to bioremediate lead

contaminated sites.

Acknowledgments Milind Naik gratefully acknowledges

UGC, Government of India for financial support as Junior

Research Fellowship. The authors are also thankful to Dr. M. S.

Prasad and Mr. Vijay Khedekar from National Institute of

Oceanography, Goa, India for scanning electron microscopy.

References

Albersheim P, Nevins DJ, English PD, Karr A (1967) A method

for the analysis of sugars in plant cell-wall polysaccharides

by gas-liquid chromatography. Carbohydr Res 5:340–345

Altchul SF, Madden TL, Schaffer AA, Zhang J, Zhang Z, Miller

W, Lipman DJ (1997) Gapped BLAST and PSIBLAST: a

new generation of protein database search programs.

Nucleic Acids Res 25:3389–3402

Arias S, del Moral A, Ferrer MR, Quesada RTE, Bejar V (2003)

Mauran, an exopolysaccharide produced by the halophilic

bacterium Halomonas maura, with a novel composition

and interesting properties for biotechnology. Extremo-

philes 7:319–326

Asmub M, Mullenders LHF, Hartwig A (2000) Interference by

toxic metal compounds with isolated zinc finger DNA

repair proteins. Toxicol Lett 112:227–231

Baker-Austin C, Wright MS, Stepanauskas R, McArthur JV

(2006) Co-selection of antibiotic and metal resistance.

Trends Microbiol 14:176–182

Bauer AW, Kirby WMM, Sherris JC, Turck M (1966) Antibiotic

susceptibility testing by a standardized single disc method.

Am J Clin Pathol 45:493–496

Bhaskar PV, Bhosle NB (2005) Microbial extracellular poly-

meric substances in marine biogeochemical processes.

Curr Sci 88:45–53

Bhaskar PV, Bhosle NB (2006) Bacterial extracellular poly-

meric substances (EPS) a carrier of heavy metals in the

marine food-chain. Environ Int 32:192–198

Bramhachari P, Dubey SK (2006) Isolation and characterization

of exopolysaccharide produced by Vibrio harveyi VB23.

Lett Appl Microbiol 43:571–577

Bramhachari PV, Kavi Kishor PB, Ramadevi R, Kumar R, Rao

BR, Dubey SK (2007) Isolation and characterization of

mucous exopolysaccharide produced by Vibrio furnissii
VB0S3. J Microbiol Biotechnol 17:44–51

Decho AW (1990) Microbial exopolymer secretion in ocean

environment, their roles in food webs and marine pro-

cesses. Oceanogr Mar Biol Annu Rev 28:73–153

782 Biodegradation (2012) 23:775–783

123



Dirilgen N (2011) Mercury and lead: assessing the toxic effects

on growth and metal accumulation by Lemna minor. Eco-

toxicol Environ Saf 74:48–54

Fernandes N, Beiras R (2001) Combined toxicity of dissolved

mercury with copper, lead and cadmium on embryogenesis

and early larval growth of the Paracentrotus lividus sea-

urchin. Ecotoxicology 10:263–271

Fowler BA (1998) Role of lead binding proteins in mediating

lead bioavailability. Environ Health Perspect 106:1585–

1587

Fox A, Morgan SL, Gilbart J (1988) Preparation of alditol

acetates and their analysis by gas chromatography and

mass spectrometry. In: Bierman CJ, McGinnis G (eds)

Analysis of carbohydrates by GLC and MS. CRC Press,

Boca Raton, pp 87–117

Hartwig A, Asmuss M, Ehleben I, Herzer U, Kostelac D, Pelzer

A, Schwerdtle T, Burkle A (2002) Interference by toxic

metal ions with DNA repair processes and cell cycle con-

trol: molecular mechanisms. Environ Health Perspect

110:797–799

Iyer A, Mody K, Jha B (2004) Accumulation of hexavalent

chromium by an exopolysaccharide producing marine

Enterobacter cloaceae. Mar Pollut Bull 49:974–977

Krieg NR, Holt JG (1984) Bergey’s manual of systematic bac-

teriology, vol I. The Williams and Wilkins, Baltimore,

pp 140–309

Lam TV, Agovino P, Niu X, Roche L (2007) Linkage study of

cancer risk among lead exposed workers in New Jersey. Sci

Total Environ 372:455–462

Mergeay M, Nies DH, Schlegel HG, Gerits J, Charles P, Van

Gijsegem F (1985) Alcaligenes eutrophus CH34 is a fac-

ultative chemolithotroph with plasmid-bound resistance to

heavy metals. J Bacteriol 162:328–334

Morillo JA, Aguilera M, Ramoz-Cormenzana A, Monteoliva

SM (2006) Production of metal-binding exopolysaccharide

by Paenibacillus jamilae using two-phase olive-mill waste

as fermentation substrate. Curr Microbiol 53:189–193

Naik MM, Dubey SK (2011) Lead-enhanced siderophore pro-

duction and alteration in cell morphology in a Pb-resistant

Pseudomonas aeruginosa strain 4EA. Curr Microbiol

62:409–414

Nies DH (1999) Microbial heavy-metal resistance. Appl

Microbiol Biotechnol 51:730–750

Ozturk S, Aslim B, Ugur A (2008) Chromium(VI) resistance

and extracellular polysaccharide (EPS) synthesis by

Pseudomonas, Stenotrophomonas and Methylobacterium
strains. ISIJ Int 48:1654–1658

Ozturk S, Aslim B, Suludere Z (2010) Cadmium(II) sequestra-

tion characteristics by two isolates of Synechocystis sp. in

terms of exopolysaccharide (EPS) production and mono-

mer composition. Bioresour Technol 101:9742–9748

Pal A, Paul AK (2008) Microbial extracellular polymeric sub-

stances: central elements in heavy metal bioremediation.

Indian J Microbiol 48:49–64

Roane TM (1999) Lead resistance in two bacterial isolates from

heavy metal-contaminated soils. Microb Ecol 37:218–224

Royan S, Parulekar C, Mavinkurve S (1999) Exopolysaccha-

rides of Pseudomonas mendocina P2d. Lett Appl Microbiol

29:342–346

Sinha A, Khare SK (2011) Mercury bioremediation by mercury

accumulating Enterobacter sp. cells and its alginate immo-

bilized application. Biodegradation. doi:.1007/s10532-011

-9483-z

Taghavi S, Lesaulnier C, Monchy S, Wattiez R, Mergeay M, van

der Lelie D (2009) Lead (II) resistance in Cupriavidus
metallidurans CH34: interplay between plasmid and

chromosomally-located functions. Antonie Van Leeu-

wenhoek 96:171–182

Tong S, von Schirnding YE, Prapamontol T (2000) Environ-

mental lead exposure: a public health problem of global

dimensions. Bull World Health Organ 78:1068–1077

van Hullebusch ED, Zandvoort MH, Lens PNL (2003) Metal

immobilisation by biofilms: mechanisms and analytical

tools. Rev Environ Sci Biotechnol 2:9–33

Watt GCM, Britton A, Gilmour HG, Moore MR, Murray GD,

Robertson SJ (2000) Public health implications of new

guidelines for lead in drinking water: a case study in an area

with historically high water lead levels. Food Chem Tox-

icol 38:73–79

Yin Y, Hu Y, Xiong F (2011) Sorption of Cu(II) and Cd(II) by

extracellular polymeric substances (EPS) from Aspergillus
fumigates. I. Int Biodeterior Biodegrad 65:1012–1018

Biodegradation (2012) 23:775–783 783

123

http://dx.doi.org/.1007/s10532-011-9483-z
http://dx.doi.org/.1007/s10532-011-9483-z

	Biological characterization of lead-enhanced exopolysaccharide produced by a lead resistant Enterobacter cloacae strain P2B
	Abstract
	Introduction
	Materials and methods
	Screening of EPS producing lead resistant bacterial isolate
	Identification and maintenance of bacterial isolate
	Growth behaviour and lead resistance limit of isolate
	Antibiotic susceptibility test
	Purification and characterization of bacterial EPSs
	FTIR spectroscopy of EPS
	GC--MS analysis of EPS
	Estimation of uronic acid in EPS
	Alcian blue staining of bacterial EPS
	SEM--EDS analysis EPS

	Results
	Screening and identification of EPS producing lead resistant bacterial isolate
	Growth behaviour and lead resistance limit of isolate
	EPS production
	GC--MS and FTIR analysis of EPS
	SEM--EDS analysis of EPS

	Discussion
	Conclusion
	Acknowledgments
	References


